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The heat trace tube carries waste hot stove gas of blast furnace from chimney to the analyzing panel. An analyzing probe
set in the panel which analyzes the percentage of different gases before releasing the waste gas to the environment. This gas
mixture contains SO2, NO2, O2, CO2, and moisture. Dust particles are also present in the gas mixture which is separated
through dust catching ﬁlter shown in Fig. 2a. Before entering into the analysis Probe, the gas mixture passes through a
condenser unit in order to separate the moisture from the gas mixture as moisture is known to damage the analyser probe
set. In course of service, leakage was found at a number of places on the tube and analysis of the gases was no longer
possible. Temperature of the gas mixture is around 130–150 8C before it enters the SS tube. The ﬂow diagram of the waste
gas is given in Fig. 1. The heat trace tube is wall thickness of 2 mm and is made of AISI 316 austenitic stainless steel (SS)
known to be a fairly good corrosion resistant stainless steel. The premature failed tube gave a life of only 3 years as against
expectation of 10 years.
2. Visual observation
The failed tube sample was visually observed under stereo and dual microscope at different magniﬁcations. It exhibited
perforation particularly in the bent portion (see Fig. 2b). The tube sample was cut in the longitudinal direction containing
perforated portions in order to examine the inner wall. Inner was found to be badly corroded (see Fig. 3b).* Corresponding author. Tel.: +91 8092084680; fax: +91 6572348983.
E-mail address: suman.m@tatasteel.com (S. Mukhopadhyay).
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Fig. 1. The ﬂow diagram of the waste gas.
Fig. 2. (a) The photograph of heat trace tube connecting to chimney through dust catcher ﬁlter. The waste gas enter in to the heat trace tube after ﬁltering of
dust from dust catcher ﬁlter. (b) The outer portion of heat trace tube connecting to gas analyzing probe.
Table 1
Result of chemical analysis (wt.%).
Element Spec AISI 316 (wt.%) Tube material (wt.%)
C 0.08 max 0.014
Mn 2.00 max 1.46
S 0.030 max 0.003
P 0.045 max 0.024
Si 1.00 max 0.48
Cr 16.00–18.00 16.73
Ni 10.00–14.00 10.28
Mo 2.00–3.00 2.07
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A chemical analysis of the sample was carried out using X-ray ﬂuorescence spectroscopy (XRF). Carbon and sulfur
contents were determined using combustion infrared technique. While the detailed chemical analysis outcomes are
provided in Table 1, the sample conformed to AISI 316 grade.
4. Hardness testing
Vickers micro hardness (HV) testing at an applied load of 50 gf was carried out on the tube sample at different locations.
Signiﬁcant variation in hardness value was observed at various portions from surface to core. The hardness was found to be
Fig. 3. (a and b) The tube puntured from bent and twested portion, i.e. higher stress concentrated region. (c) The inner wall of the tube at 7.5.
Fig. 4. Hardness proﬁle across the tube sample.
Fig. 5. (a) The tube got pitted at the inner wall. (b) Austenitic stainless steel revealing twinning.
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Table 3
Water testing report.
Parameter pH Conductivity CaH MgH TH SO4 SiO2 PO4 Fe Cu Zn
Value 3.4 822 7.1 ppm 1.1 ppm 8.2 ppm 80.6 ppm 0.6 ppm 0.6 ppm 0.3 ppm 0.02 ppm 0.14 ppm
Fig. 6. The SEM photograph of the rust portion of the inner surface of the failed tube.
Table 2
EDS analysis of the tube.
Elements (wt.%) O Si S Cr Fe Ni
pt1 8.409 0.998 2.246 15.452 62.782 10.113
pt2 25.089 5.295 13.810 50.731 5.076
pt3 7.647 0.845 3.005 14.562 63.621 10.321
pt4 21.070 4.000 5.969 17.684 44.774 6.504
pt5 13.987 3.995 19.352 51.883 10.783
pt6 23.617 1.214 3.606 17.640 44.471 9.453
pt7 0.668 0.990 16.979 70.306 11.057
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This hardness proﬁle is indicating comparatively softer region near the surface than the core.
5. Microstructural examination
Two pieces of tubes that had been perforated were collected for investigation. Samples containing perforation were
prepared for microscopic examination in transverse as well as longitudinal directions for microstructal analysis. These
samples were individually mounted in electrically conductive copper-containing resin and polished using conventional
metallographic techniques. One polished sample was etched with Vilella’s reagent (1 g picric acid, 5 ml HCl and 95 ml ethyl
alcohol) to reveal the microstructure of the tube and rest one had been examined as polished condition.
Microstructures are shown in Fig. 5a and b. Un-etched microstructure exhibited severe pitting on the inner wall of the
tube and the etched microstructure resembles that of austenitic stainless steel revealing twinning at places.
6. EDS analysis
EDS analysis was carried out on the corroded area as well as on the rust free area to identify corrosion characteristics. The
detailed report is given in Table 2. The SEM photograph of the corroded part of the inner surface is given in Fig. 6. From the
EDS analysis, we can say the heavy deposition, which (i.e. pt2, 4, 5, 6) are basically iron-oxide. The percent of sulfur is also
high on those points. Where as in location away from the rust (pt7) sulfur content is lower. This indicates that the compound
of sulfur on the corroded areas accelerate the rate of corrosion.
7. Water test report
From the condenser unit, water sample was collected and analyzed. The analysis report reveals acidic nature of water.
Lower pH of water increases the rate of corrosion. The analysis report is provided in Table 3.
Fig. 7. Corrosion of Type 316 stainless steel by sulfuric acid as a function of temperature [3].
Fig. 8. Schematic view of chemical reaction.
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From the visual observation it is clear that the tube was failed due the pitting (localized) corrosion and the leakages are
found from bend and twisted region (Fig. 3a and b), i.e. higher stress concentration area. Highly stressed region acts as anodic
with respect to its surroundings. The anodic region acts as a potential site to start localized corrosion [1]. As EDS analysis
report indicates the presence of sulfur compound on the corroded areas, so it is clear that sulfur-di-oxide in the gas mixture
accelerate the corrosion rate with the presence of moisture inside the tube. High temperatures (Fig. 7) [2] and lower pH
(Table 3) also increase the tendency of pitting.
It is therefore presumed that following chemical reactions took place to promote corrosion:
SO2þ OHðþMÞ ! HSO3 ½4 (a)
4HSO3þ O2 ! 4SO3þ 2H2O ½4 (b)
SO3þ H2O ! H2SO4 ½4 (c)
FeðSÞ þ H2SO4ðaq:Þ ! H2ðgÞ þ FeSO4ðaq:Þ ½5 (d)
During chemical reaction inside the tube a layer of FeSO4 has been formed. The characteristics of FeSO4 layer is soft and
poorly adherent and therefore, layer of FeSO4 does not act as a protective layer and allows further corrosion by acid [6]
(Fig. 8).
9. Conclusions
From the above analysis, it is concluded that sulfur-di-oxide present in the blast furnace exhaust gas gets oxidized into
HSO3 in presence of moisture and oxygen at an elevated temperature. Sulfur-tri-oxide in turn gets converted to sulfuric acid
in presence of moisture and thus the sulfuric acid reacts with tube material and promotes corrosion.
10. Recommendation
It is recommended that moisture to be separated before the exhaust gas enters the heat trace tube. In other words,
the location of the condenser unit to be changed so that it separates out moisture from the exhaust gas before the same
enters tube.
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